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The gene products of Gazdar murine sarcoma virus (Gz-MuSV) were identified
by in vitro translation of Gz-MuSV virion RNA. An overlapping set of proteins
with approximate molecular weights of 37,000 (37K), 33K, 24K, and 18K were
synthesized from the transforming gene of Gz-MuSV, v-mosGZ. In addition, Gz-
MuSV-specific RNA directed the in vitro synthesis of a 62K gag gene protein and
a 37.5K env gene-related product. The Gz-MuSV-specific in vitro translation
products were compared with the in vitro translation products ofM-MuSV 124, an
independent isolate with a similar v-mos gene. This analysis showed that the 62K
Gz-MuSV gag gene protein and the 37K, 33K, 24K, and 18K v-mosGZ proteins
were almost identical to the M-MuSV 124 62K (gag) and 37K, 33K, 24K, and 18K
(v-mosMO) proteins that we previously identified and characterized. The 37.5K
env gene product from Gz-MuSV does not have a correlate in the M-MuSV 124
translation products. These results were analyzed in the context of expectations
based on similarities and differences in genetic organization of these two viral
genomes.

Several different strains of murine sarcoma
virus (MuSV) have been isolated from tumors in
mice. The most extensively characterized of
these viruses is a clonal isolate of Moloney
MuSV (M-MuSV 124) which was derived from
an original virus stock obtained from a tumor
that arose in a BALB/c mouse after injection
with Moloney murine leukemia virus (M-MuLV)
(2, 22). It is believed that the genome of M-
MuSV 124 is the product of a recombination
event between M-MuLV and mouse cellular
sequences, since the M-MuSV 124 genome con-
tains a block of 1,157 nucleotides which are
absent from the parental M-MuLV genome and
which can be identified in the genomes of unin-
fected mouse cells (9, 11-14, 17, 18, 23, 29, 30,
32-34). These cell-derived sequences, defined as
the v-mosMO gene, contain the sarcomagenic
information ofM-MuSV 124 (1, 5-7, 35, 36). The
M-MuSV 124 genome is also replication defec-
tive as a consequence of several deletions within
the pol and env genes (12, 17, 29, 34).
Gazdar MuSV (Gz-MuSV), a reportedly inde-

pendent isolate, was derived after serial passage
in vivo of a spontaneous tumor which arose in a
NZW/NZB F1 hybrid mouse (15, 16). Heterodu-
plex mapping (12) and hybridization analysis
(24) show that the genome of Gz-MuSV contains
a v-mos gene (v-mosGz) homologous to the v-
mosMo gene of M-MuSV 124. Furthermore, the

Gz-MuSV gag gene is similar to that of M-
MuSV 124. There are, however, two major
differences between the genomes. First, Gz-
MuSV has no pol gene sequences (12), whereas
M-MuSV 124 retains two fragments from the
parental pol gene (12, 17). Secondly, the Gz-
MuSV genome has approximately 1,200 nucleo-
tides of env sequence immediately 5' to v-mosGz
(12). Nucleotide sequence analysis shows, on
the other hand, that the M-MuSV 124 genome
contains only 12 nucleotides of coding sequCence
from the env gene on the 5' side of v-mos 0 (11,
30, 33). Although the parental virus ofGz-MuSV
is unknown, it seems likely, based on the exten-
sive homology with M-MuSV 124, that Gz-
MuSV arose by a similar recombination event
between a nonsarcomagenic retrovirus and
mouse cellular sequences.

Several groups have carried out in vitro trans-
lation experiments with M-MuSV 124 virion
RNA to identify v-mosM0 gene products (8, 10,
19, 25, 26). In vitro translation of M-MuSV 124
virion RNA preparations which contained full-
length genomic RNA as well as naturally occur-
ring subgenomic fragments yielded a product
with a molecular weight of 65,000 (65K) synthe-
sized from the 5' gag gene of M-MuSV 124 as
well as an overlapping set of v-mosMo proteins,
with molecular weights of 37K, 33K, 24K, and
18K, which shared a common COOH terminus
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(25, 26). Synthesis of the largest v-mos protein,
37K, was initiated at an AUG codon in the M-
MuSV 124 env gene sequences 12 nucleotides
upstream of the v-mosMo insert (26). The 37K v-
mosm° protein, therefore, shares its NH2-termi-
nal five amino acids with the parental MuLV env
gene product. A v-mosMo protein similar to the
37K in vitro product has been identified in M-
MuSV 124-transformed cells (27). Synthesis of
the 33K, 24K, and 18K in vitro products, which
contain a subset of the sequences in the 37K v-
mosm° protein, is initiated at AUG codons with-
in the v-mosMo gene (26). These smaller proteins
are not seen in M-MuSV 124-transformed cells
(27) and probably result from the ability of the in
vitro translation system to initiate synthesis
from AUG codons near the 5' ends of v-mosMO-
containing genomic RNA fragments (25).
To identify Gz-MuSV-encoded proteins, we

analyzed the in vitro translation products from
Gz-MuSV virion RNA and compared them with
the in vitro products from M-MuSV 124 virion
RNA, which we had previously identified and
characterized (25, 26). Based on the homology
between the two genomes (12, 24), we expected
Gz-MuSV virion RNA to direct the synthesis of
a similar in vitro gag gene product. It was not
clear, however, that the expression of the Gz-
MuSV mos gene would be similar to that of M-
MuSV 124. One possibility was that translation
of the Gz-MuSV v-mosGz gene would start at the
env gene initiator AUG codon and extend
through the v-mosGz sequences. This would
result in an env-mos fusion protein from Gz-
MuSV of approximately 74K. There might also
be smaller proteins whose synthesis was initiat-
ed from internal AUG codons similar to the
smaller proteins of M-MuSV. Contrary to these
expectations, the only detectable in vitro trans-
lation products from the Gz-MuSV v-mosGz
gene have approximate molecular weights of
37K, 33K, 24K, and 18K and appear to be
indistinguishable from the M-MuSV 124 37K set
of in vitro v-mosMo translation products. In
addition, in vitro translation of Gz-MuSV virion
RNA yields a 62K gag gene product, as expect-
ed, and a 37.5K protein containing sequences
related to the MuLV env gene product.

MATERIALS AND METHODS
Virus and RNA. The TB (clone 124) mouse cell line

(2) producing the M-MuSV(M-MuLV) complex was
obtained from J. Ball, University of Western Ontario,
Ontario. The rat cell line (RTG-1) producing the Gz-
MuSV(MuLV) complex and a mouse cell line
(PLV100) producing only the helper MuLV isolated
from the Gz-MuSV(MuLV) stock were obtained from
D. Haapala, National Cancer Institute. Virus was
purified from medium harvested from the various cell
lines as described previously (25). Total RNA was
extracted from purified virus, and 60 to 70S RNA was

isolated by sucrose gradient centrifugation. The 60 to
70S RNA was precipitated twice with ethanol and
lyophilized from water before being taken up at 1 mg/
ml and stored in liquid nitrogen. Polyadenylic acid
[poly(A)]-containing RNA was selected from Gz-
MuSV virion RNA and size fractionated exactly as
described previously (25).
In vitro translation and sodium dodecyl sulfate-poly-

acrylamide gel electrophoresis. In vitro translation,
using the messenger-dependent reticulocyte lysate,
was carried out as described previously (3, 25). Small
aliquots of virion RNA (1 mg/ml) were heated to 100°C
for 1 min and were quickly cooled. Viral RNA was
added to the translation mix at a final concentration of
50 ,ug/ml. [355]methionine (Amersham Corp.) was
used at 1 mCi/ml. Completed translation reactions
were analyzed on sodium dodecyl sulfate (SDS)-poly-
acrylamide gels containing 12.5% acrylamide and 0.1%
bisacrylamide as described previously (25). Radioac-
tive proteins were detected by fluorography.
Hybrid arrest translation. The hybrid arrest transla-

tion (HART) experiment with cloned recombinant
DNA and Gz-MuSV virion RNA was carried out
exactly as described previously (26). The recombinant
plasmid pMSV-31, used for the HART experiment
(see Fig. 3) and the selection experiment (see Fig. 2),
has been described elsewhere (33) and contains the
entire v-mos" region between the restriction sites
XbaI and HindIII. The molar ratio of pMSV-31 to total
Gz-MuSV virion RNA was 3:1 and was sufficient to
give maximal inhibition of synthesis of v-mos-encoded
proteins.

Antisera and immunoprecipitation. Anti-p30 (MuLV)
and anti-gp7O (MuLV) sera were kindly provided by
H. Fan, The Salk Institute, San Diego. The antiserum
against a synthetic peptide consisting of the 12 COOH-
terminal amino acids of the v-mosMo gene product has
been described elsewhere (26) and is referred to as
anti-C-3. Immunoprecipitation of in vitro translation
products was performed as described elsewhere (25,
26). In the experiments shown below (see Fig. 4 and
6), 5 ,ul of translation product was diluted to 150 ,ul
with 0.15 M NaCI-0.01 M sodium phosphate (pH 7.0)-
1% Nonidet P-40-1% sodium deoxycholate-0.1%
SDS-1% Trasylol and was immunoprecipitated with 1
gul of antiserum. Where indicated, 3 ,ul of a stock
solution (1 mg/ml) of C-3 peptide was incubated with 1
gul of anti-C-3 serum before immunoprecipitation. In
every case, the entire immunoprecipitate was ana-
lyzed by SDS-polyacrylamide gel electrophoresis.

Selection of Gz-MuSV-specific virion RNA. A cloned
recombinant DNA containing v-mos" sequences
(pMSV-31) was immobilized on a nitrocellulose filter
and used to select Gz-MuSV-specific virion RNA (see
Fig. 2). The experimental procedure is essentially the
same as described by Ricciardi et al. (31). Fifty
micrograms of EcoRI-digested, phenol-extracted
pMSV-31 DNA was applied to a nitrocellulose filter
(Schleicher and Schuell; 0.45-,um pore size; 24-mm
diameter). One-fourth of this filter was used to select
Gz-MuSV-specific RNA from 20 ,ug of total Gz-MuSV
virion RNA. Hybridization was carried out at 37°C for
6 h. The filter was washed extensively, and RNA was
eluted by boiling for 1 min (x2) in 100 ,ul of water
followed by quick cooling. The eluted RNA was
lyophilized and resuspended in 3 gul of water. One
microliter was translated in 10 gul of lysate, and 2 gul of
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the translation reaction was analyzed by SDS-poly-
acrylamide gel electrophoresis as described above.

Peptide mapping. Either 3.5 ,ug of M-MuSV 124 or
3.5 pLg ofGz-MuSV virion RNA was translated in 70 ,ul
of reticulocyte lysate, with a final concentration of 4
mCi of [35S]methionine per ml. The entire translation
reaction was analyzed on a 1-mm-thick SDS-poly-
acrylamide slab gel. The bands corresponding to the
62K gag and 37K v-mos proteins from both M-MuSV
124 and Gz-MuSV were extracted from the dried gels,
and chymotryptic peptide mapping of the 37K proteins
and tryptic peptide mapping of the 62K proteins were
performed as described previously (25, 26).

RESULTS
In vitro translation of Gz-MuSV vnrion RNA;

preliminary identification of Gz-MuSV-specific
products. Purified 60 to 70S RNA was isolated
from Gz-MuSV, MuLV, or M-MuSV 124 viri-
ons. Each viral RNA preparation was heat dena-
tured and translated in the mRNA-dependent
reticulocyte lysate in the presence of [35S]methi-
onine, and the products were analyzed by SDS-
polyacrylamide gel electrophoresis. The total
translation products from Gz-MuSV virion RNA
contained a complex array of proteins (Fig. 1B).
Unlike M-MuSV 124 (Fig. IA) (4,20), Gz-MuSV
virion RNA preparations yielded many transla-
tion products which comigrated with the transla-
tion products from RNA of the helper MuLV
(Fig. IC). Several potential Gz-MuSV-specific
products can be distinguished, however, by
comparing the sizes of proteins synthesized
from Gz-MuSV virion RNA preparations with
proteins synthesized from the helper MuLV. By
this criterion, the translation products that were
unique to Gz-MuSV had approximate molecular
weights of 62K, 37.5K, 37K, 33K, 24K, and
18K. The 62K protein from Gz-MuSV migrated
slightly faster than the M-MuSV 124-specific
62K gag protein. The 37K, 33K, 24K, and 18K
translation products appeared to migrate very
similarly to the corresponding proteins, which
are specific translation products of M-MuSV 124
from the mos gene (37K, 33K, 24K, 18K) (25,
26). A protein of approximately 30K (denoted by
a star in Fig. 1) appeared, in this experiment, to
be unique to Gz-MuSV. This protein was not,
however, reproducibly synthesized from differ-
ent preparations of Gz-MuSV virion RNA. Fur-
thermore, the 30K protein appeared to be unre-
lated to gag, env, or mos gene products by the
criteria outlined in this paper. For these reasons,
the 30K protein will not be discussed further.
To identify more rigorously the Gz-MuSV-

specific in vitro translation products, the follow-
ing experiment was carried out. A cloned recom-
binant DNA containing M-MuSV 124 v-mosMo
sequences was hybridized to a Gz-MuSV virion
RNA preparation. After extensive washing, the
hybridized RNA was eluted and translated in

vitro. This procedure specifically selects full-
length genomic RNA as well as fragments from
Gz-MuSV by virtue of the v-mos sequences that
are unique to Gz-MuSV but not to the helper
MuLV. The translation products of this selected
RNA should represent the complete coding po-
tential of the Gz-MuSV genome in the absence
of helper MuLV products. Proteins with molec-
ular weights of approximately 62K, 37.5K, 33K,
24K, and 18K were synthesized in vitro from the
"selected RNA" (Fig. 2C). This pattern was
strikingly similar to the total translation prod-
ucts from M-MuSV 124 virion RNA (Fig. 2B),
which contained undetectable levels of helper
virus proteins.

(i) Identification of Gz-MuSV in vitro v-mosGz

A BC

37.5K.k37Kg mam
33Kb

24KW

18KIM-

FIG. 1. Translation products from M-MuSV 124,
Gz-MuSV, and MuLV virion RNAs. Purified 60 to
70S virion RNAs were heat denatured and translated
in the mRNA-dependent reticulocyte lysate as de-
scribed in the text. One microliter of each translation
reaction was analyzed by SDS-polyacrylamide gel
electrophoresis and visualized by fluorography. The
gel was exposed to film for 2 days. Total translation
products from M-MuSV 124 (track A), from Gz-MuSV
(track B), and from the helper MuLV cloned from the
Gz-MuSV(MuLV) stock (track C) are shown.
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half was denatured before translation (melt).
The v-mosGz-specific translation products, i.e.,
those which were missing from a translation of
the hybrid and whose synthesis was restored
upon melting the hybrids before translation, had
molecular weights of 37K, 33K, 24K, and 18K
(Fig. 3, H and M). By this criterion, no proteins
larger than 37K were encoded by the Gz-MuSV
v-mosGZ gene. As a control, a HART experi-
ment carried out in the absence of added DNA
did not affect synthesis of any of the Gz-MuSV
in vitro translation products (data not shown).
These HART results are identical to the results
obtained using this same recombinant DNA in a
HART experiment with virion RNA from M-
MuSV 124 (26).

Since the Gz-MuSV v-mosGZ in vitro transla-
tion products appeared to be the same sizes as
the v-mosMo proteins synthesized from M-
MuSV 124 virion RNA, it was of interest to
determine whether the v-mos proteins from the

- -.24K

H M
- <18K

FIG. 2. Purification and translation of Gz-MuSV-
specific virion RNA. Gz-MuSV-specific virion RNA
was selected by hybridization to a cloned recombinant
DNA containing v-mosm' sequences and translated as
described in the text. Two microliters of the transla-
tion reaction was analyzed by SDS-polyacrylamide gel
electrophoresis (track C). For comparison, 1 ±l each
of the total translation products from unselected Gz-
MuSV virion RNA (track A) and M-MuSV 124 virion
RNA (track B) were analyzed in parallel. The gel was
fluorographed for 3 days (track A), 1 day (track B), or
14 days (track C). The endogenous [35S]methionine-
labeled bands seen with the reticulocyte lysate transla-
tion system (marked with stars) are apparent in track C
due to the long exposure time.

proteins; comparison with the v-mosMo in vitro
translation products from M-MuSV 124. The
experiments shown in Fig. 1 and 2 identified
which of the total translation products from Gz-
MuSV virion RNA preparations were derived
from Gz-MuSV-specific sequences. To identiGy
proteins synthesized specifically from v-mos '

sequences, a HART experiment was performed.
In this experiment, total Gz-MuSV virion RNA
was hybridized with a cloned recombinant DNA
containing the entire v-mosm° gene from M-
MuSV 124. Half of the hybrid preparation was
translated directly (hybrid), whereas the other

33Kw

24KV-

18KbP-

FIG. 3. HART, with a cloned recombinant DNA
containing the entire v-mos region. HART and gel
electrophoresis were carried out as outlined in the
text. Two microliters of each translation reaction was
analyzed on an SDS-polyacrylamide gel which was
subsequently fluorographed for 3 days. Track H shows
the translation products from the DNA/RNA hybrid,
and track M shows the translation products from the
melted DNA/RNA hybrid. Note that the 37K Gz-
MuSV-specific protein is not well resolved, on this gel,
from the 36K helper MuLV protein.
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two viruses also had similar amino acid se-
quences. We previously showed that an antiser-
um (anti-C-3) raised against a synthetic peptide
corresponding to the COOH-terminal 12 amino
acids of a protein predicted from the v-mosMo
DNA sequence precipitated the 37K, 33K, 24K,
and 18K in vitro v-mosMO proteins from M-
MuSV 124 (26). Figure 4B shows that this same
serum can immunoprecipitate the 37K, 33K,
24K, and 18K Gz-MuSV v-mosGzd,roteins. The
immunoprecipitation of the v-mos Z proteins by
anti-C-3 serum was specifically blocked with an

excess of C-3 peptide (Fig. 4C). The v-mosGZ in
vitro products from Gz-MuSV have, therefore, a

similar, if not identical, COOH-terminal amino
acid sequence to that of the v-mosMO in vitro
products from M-MuSV 124. To examine wheth-
er there was further homology, the [35S]methio-
nine chymotryptic peptide map of 37K v-mosGZ
was compared with the map of 37K v-mosM .

Figure 5 (D, E, and F) shows that the chymo-
tryptic maps of these two proteins are virtually
identical. As was the case for M-MuSV 124, the
Gz-MuSV 33K, 24K, and 18K in vitro products
comprised a subset of the sequences in the 37K
protein (data not shown). Only the peptide map
of the v-mosGz 37K protein is shown as a
representative of this group.

(ui) Identification of Gz-MuSV-encoded gag and
env proteins. To test which, if any, of the Gz-
MuSV-specific in vitro translation products
were encoded by gag or env gene sequences, the
total translation products from Gz-MuSV were
immunoprecipitated with antisera directed
against p30, the major MuLV structural protein
encoded by the gag gene, and antisera against
gp7O, a glycoprotein derived from the MuLV
env gene. For comparison, the translation prod-
ucts of the helper MuLV virion RNA were
immunoprecipitated in parallel. Four proteins
were seen in the immunoprecipitate made with
anti-p30 serum from the translation products of
Gz-MuSV virion RNA (Fig. 6). One of these
proteins corresponded to the Gz-MuSV-specific
protein of 62K, whereas the other three were

larger proteins that could also be recognized in
the translation products from the helper MuLV
virion RNA (Fig. 6). Anti-gp7O serum recog-
nized the Gz-MuSV-specific translation product
of 37.5K as well as two proteins of approximate-
ly 65K and 36K, which appear to be derived
from the helper MuLV RNA since they are also
precipitated with anti-gp70 serum from the help-
er MuLV translation products (Fig. 6). Thus,
Gz-MuSV-specific sequences contained within
Gz-MuSV virion RNA preparations are translat-
ed in vitro to produce a 62K gag gene protein as

well as a 37.5K env gene protein. The genomic
RNA of M-MuSV 124 codes in vitro for a 62K
gag gene product, but in contrast, does not yield

any env gene-related proteins, as expected from
the lack of env gene coding sequences (25).

Tryptic peptide maps of the Gz-MuSV 62K
protein were compared with the M-MuSV 124
62K protein to assess the extent of homology
between these two proteins. The two-dimen-
sional tryptic peptide maps of the two gag gene
products prepared from [ 5S]methionine-labeled
samples were almost identical (Fig. 5A and B).
A mixture of the two digests revealed that
peptides D and E of M-MuSV 124 run slightly
faster in the second dimension than the corre-
sponding peptides of Gz-MuSV (Fig. 5C).
Heteroduplex mapping experiments showed

that the Gz-MuSV genome retains the 5' 1,200
nucleotides of the parental MuLV env gene (12).
These env sequences are located immediately
upstream of the v-mosGZ insert and could code
for a protein of about 40K. To test the possibility
that the 37.5K Gz-MuSV-specific env gene prod-
uct was synthesized from these sequences, the

A BC

_.- <37K
<33K

<24K

<18K

FIG. 4. Immunoprecipitation of Gz-MuSV in vitro
translation products with anti-peptide serum. Five
microliters of total Gz-MuSV in vitro translation prod-
uct were immunoprecipitated as described previously
either with 1 pl of anti-C-3 peptide serum (track B) or
with 1 p.l of anti-C-3 peptide serum preabsorbed with 3
pug of C-3 peptide (track C). The entire immunoprecipi-
tate was analyzed on an SDS-polyacrylamide gel. One
microliter of the total translation reaction was run in
track A. The gel was fluorographed for 1 day (track A)
and 3 days (tracks B and C).
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FIG. 5. Peptide maps of 62K and 37K translation products from Gz-MuSV and M-MuSV 124 virion RNAs.
[35S]methionine-labeled 62K and 37K in vitro translation products were isolated as described in the text. Tryptic
digests prepared from the 62K proteins and chymotryptic digests prepared from the 37K proteins were resolved
by electrophoresis at pH 4.7 (from left to right, toward the cathode) and by ascending chromatography (from
bottom to top). Approximately 8,000 cpm of62K protein digests and 10,000 cpm at 37K protein digests were used
for each map. The chromatograms were coated with 2-methylnaphthalene containing 0.4% 2,5-diphenyloxazole
and exposed to film for 10 days (62K maps) or 15 days (37K maps). (A) Tryptic peptide map ofM-MuSV 124 62K,
(B) tryptic peptide map of Gz-MuSV 62K, (C) mixture of tryptic digests from M-MuSV 124 62K and from Gz-
MuSV 62K, (D) chymotryptic peptide map of M-MuSV 124 37K, (E) chymotryptic peptide map of Gz-MuSV
37K, (F) mixture of chymotryptic digests from M-MuSV 124 37K and from Gz-MuSV 37K.

following experiment was performed. Poly(A)-
containing RNA was selected by oligodeoxythy-
midylic acid cellulose chromatography from
heat-denatured Gz-MuSV virion RNA prepara-
tions. The poly(A)-selected RNA, which con-

tained full-length genomic RNA as well as a
series of polyadenylated fragments, was frac-
tionated by sedimentation through a neutral su-
crose gradient, and individual fractions were
translated in vitro. We previously used this

J. VIROL.
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Gz-MuSV MuLV

AB CD ABC D

62K,l- o
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FIG. 6. Immunoprecipitation of Gz-MuSV and
helper MuLV translation products with antisera
against gag and env proteins. Five-microliter samples
of total Gz-MuSV or total MuLV translation product
were immunoprecipitated, as outlined in the text, with
1 ,u of anti-gp7O serum (tracks B), 1 ,ul of anti-p30
serum (tracks C), or 1 ,ul of normal rabbit serum
(tracks D). One-half of each immunoprecipitate was
analyzed by SDS-polyacrylamide gel electrophoresis.
One microliter of either total Gz-MuSV or total MuLV
translation product was run in tracks A. The gel was

approach to show that synthesis of the 62K gag
gene product is initiated at the 5' end of the M-
MuSV 124 genome and that the M-MuSV 124
37K, 33K, 24K, and 18K proteins are synthe-
sized in vitro from RNA fragments containing
the 3' mos gene sequences (25). In the present
study, based on the structure of the Gz-MuSV
genome we expected that the Gz-MuSV 37.5K
env gene product would be translated in vitro
from a polyadenylated genomic RNA fragment
of about 3,450 nucleotides, with the Gz-MuSV
env gene sequences at its 5' end. The results of
this experiment (shown in Fig. 7) demonstrate,
as predicted, that the 37.5K env protein is syn-
thesized from a polyadenylated RNA of about
24S (circa 3,600 nucleotides). In agreement with
conclusions from the experiments presented in
section (i), the 37K, 33K, 24K, and 18K v-mosGz
products were translated from poly(A)-contain-
ing RNAs of 18 to 21S, the size expected for
polyadenylated 3' Gz-MuSV genomic RNA frag-
ments containing v-mos sequences at their 5'
ends. In addition, this experiment confirms that
the 62K protein is derived from the gag gene of
Gz-MuSV since it is synthesized primarily from
polyadenylated RNA of approximately 32S, the
size of Gz-MuSV genomic RNA (12, 24). The
larger gag gene proteins seen in the translation
products of Gz-MuSV virion RNA were synthe-
sized from polyadenylated RNA of approxi-
mately 35S, presumably the genomic RNA of
the helper MuLV.

DISCUSSION
We previously identified and characterized

the gene products from M-MuSV 124 by in vitro
translation of virion RNA (25, 26). In these
experiments, we identified a 62K gag gene pro-
tein as well as an overlapping set of v-mosMo-
encoded products, with molecular weights of
37K, 33K, 24K, and 18K, which shared a com-
mon COOH terminus. In this report the coding
potential of the Gz-MuSV genome, an injepen-
dent MuSV isolate, was analyzed in a similar
fashion and the results were compared with the
results obtained for M-MuSV 124.
The pattern of protein synthesis from Gz-

MuSV virion RNA is much more complex than
that seen with M-MuSV 124 virion RNA. This
reflects the presence of many proteins synthe-
sized from the genomic RNA of the helper
MuLV, which presumably comprises a signifi-

fluorographed for 2 days. The 62K and 37.5K Gz-
MuSV-specific proteins are marked with arrows. For
comparison, several proteins, which can be identified
in the Gz-MuSV(MuLV) translation products as well
as in the translation products from the helper MuLV
alone, are denoted by stars.
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FIG. 7. Size fractionation and translation of poly(A)-containing Gz-MuSV virion RNA. Poly(A)-containing

Gz-MuSV virion RNA was isolated from 20 ,ug of total Gz-MuSV virion RNA and sedimented through a neutral
sucrose gradient as described in the text. One-tenth of the RNA in each fraction was translated in vitro in a final
volume of 10 ,ul, and 1.5 ,ul of each reaction was analyzed by SDS-polyacrylamide gel electrophoresis. The gel
was fluorographed for 2 days. Tracks 1 through 19 show translation products from the bottom to the top of the
gradient. Track T shows the total translation products of unfractionated Gz-MuSV virion RNA. The positions of
28S and 18S ribosomal RNA run in a parallel gradient are shown.
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cant portion of the Gz-MuSV virion RNA prepa-
ration. M-MuSV 124 virion RNA, on the other
hand, contains very low levels of helper M-
MuLV RNA (4, 20) and, consequently, is trans-
lated in vitro to yield primarily M-MuSV 124-
specific proteins.

Several in vitro products specific to Gz-MuSV
can be identified by comparing the total transla-
tion products from Gz-MuSV virion RNA with
the total translation products from the helper
MuLV. The proteins unique to Gz-MuSV have
approximate molecular weights of 62K, 37.5K,
37K, 33K, 24K, and 18K. We have also shown
by more rigorous criteria that these proteins are
unique translation products from Gz-MuSV
RNA since they are the only proteins synthe-
sized from RNA selected from Gz-MuSV virion
RNA preparations by hybridization with v-mos
DNA bound to a nitrocellulose filter.
For the purposes of this discussion, a single

major difference between the genomic RNA of
Gz-MuSV and the genomic RNA of M-MuSV
124 is important. Heteroduplex mapping shows
that the Gz-MuSV genome has about 1,200
nucleotides of MuLV-derived env gene se-
quences 5' to the v-mosGz gene (12), whereas
nucleotide sequencing shows that only the most
5' 12 nucleotides of the env gene are retained in
the M-MuSV 124 genome (11, 30, 33). We have
previously demonstrated that the AUG codon
used to initiate synthesis in vitro of the M-MuSV
124 37K v-mosMo protein lies in the env gene
sequences 5' to the v-mosMo gene (26). This
AUG is the initiator for the parental env gene
product, and consequently, the 37K v-mosMo
protein shares its first five amino acids with the
MuLV env gene product. Since the Gz-MuSV
genome contains roughly 1,200 nucleotides of
env gene coding sequence between the env gene
initiator AUG and the beginning of v-mosGz (12),
it was possible that the v-mos Z product would
be an env-mos fusion protein larger than the 37K
v-mosMo product. Contrary to this prediction,
we found, by HART, that the only Gz-MuSV v-
mosGz-specific in vitro translation products had
molecular weights of 37K, 33K, 24K, and 18K,
exactly the same sizes as the v-mosMo proteins
from M-MuSV 124. Furthermore, the Gz-MuSV
v-mosGz proteins had the same COOH terminus
as that of the counterpart M-MuSV 124 v-mosMo
proteins since they were immunoprecipitated
with an antiserum specific for the COOH-termi-
nal 12 amino acids of the M-MuSV 124 v-mosMo
products. Finally, the two-dimensional [35S]me-
thionine-containing chymotryptic peptide maps
of the 37K protein from Gz-MuSV and the 37K
protein from M-MuSV 124 were virtually identi-
cal. It is possible that we have not detected
minor differences between these two proteins
since the methionine-containing chymotryptic

peptides probably represent only 10% of the
protein sequence. We previously demonstrated
that the synthesis of the 33K, 24K, and 18K
proteins is initiated at AUG codons, which code
for internal methionines within the largest 37K
v-mosM° product (25, 26). Since Gz-MuSV viri-
on RNA was translated in vitro to give a set of v-
mos products with similar sizes, it seems
likely that the 37K v-mosGZ protein has methio-
nine residues at identical positions to those in
the v-mosMo 37K protein.
The fact that Gz-MuSV codes for a 37K

protein which is apparently identical to that of
M-MuSV 124 is inconsistent with the Gz-MuSV
genomic organization determined by heterodu-
plex mapping (12). This apparent discrepancy
has recently been resolved by nucleotide se-
quence analysis (lla). The sequence data show
that the Gz-MuSV genome apparently arose by
two recombination events such that the v-mos z

sequences first were incorporated into the env
gene at an identical site to that in M-MuSV 124.
This underwent a second recombination event,
which resulted in the addition of approximately
1,200 nucleotides of env gene sequence, 19
nucleotides to the 5' side of the first env-mos
recombination site. Thus, the predicted NH2
terminus of the 37K v-mosGZ protein is the same
as the NH2 terminus of the 37K v-mosMo pro-
tein. Since the initiating methionine is removed
from the 37K in vitro product (26) this identity is
not apparent from the methionine-containing
peptide maps of the two 37K proteins (Fig. 5).
The open reading frame in the Gz-MuSV env
gene sequences is separated from the v-mosGZ
open reading frame by a terminator codon. This
result explains the absence of a detectable env-
mos fusion protein and accounts for the in vitro
synthesis of Gz-MuSV v-mos products which
are identical to the v-mosMo in vitro translation
products from M-MuSV 124. The nucleic acid
and protein data described above show that Gz-
MuSV and M-MuSV 124 encode, in vitro, simi-
lar v-mos proteins with identical NH2 and
COOH termini. Since these two viruses are
reported to be independent isolates (15, 16), it is
remarkable that an identical recombination
event took place on two separate occasions.
By immunoprecipitation of M-MuSV 124-

transformed cells with anti-peptide antiserum,
we were able to identify small amounts of a v-
mosm -encoded phosphoprotein of 37K, which
is very similar to the 37K in vitro product (27).
This was the only v-mosMo product detectable in
M-MuSV-transformed cells. In light of the re-
sults presented here one might anticipate that a
similar protein would be found in cells trans-
formed by Gz-MuSV. We have detected 37K v-
mosGz protein in cells transformed by Gz-
MuSV, but this protein is present in vanishingly
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small quantities and has been impossible to
analyze further (J. Papkoff, unpublished data).
The gag gene sequences from Gz-MuSV vin-

on RNA were translated in vitro to produce a
62K product which is similar, by peptide map-
ping, to the M-MuSV 124 62K in vitro gag gene
product. Consistent with these results, a Gz-
MuSV-specific 65 to 68K gag protein has been
identified in Gz-MuSV-transformed cells (24)
and Gz-MuSV virus particles (21, 28). In con-
trast to the numerous similarities with M-MuSV
124, a 37.5K env gene-related protein is the only
Gz-MuSV-specific in vitro translation product
that does not have a counterpart in the transla-
tion products from M-MuSV 124. In light of the
heteroduplex mapping experiments and DNA
sequence results mentioned above, it seems
likely that this protein is synthesized from the
1,200 nucleotides of env sequence in the middle
of the Gz-MuSV genome. This conclusion is
substantiated by the observation that 24S polya-
denylated virion RNA contains the primary mes-
senger activity for the 37.5K Gz-MuSV-specific
env gene protein. We have not been able to
identify a similar protein in Gz-MuSV-trans-
formed cells, and the function, if any, that this
protein may have is unknown.
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